Introduction
============

Pulmonary drug delivery of therapeutic agents is currently an active field of research, which has been progressing rapidly after the approval of insulin dry powder inhaler. The pulmonary delivery of drugs has several advantages over the oral and injection delivery routes.[@b1-ijn-7-3167]--[@b4-ijn-7-3167] The ability to circumvent the hepatic first-pass metabolism makes this route very promising for reducing the dose and side effects. Additionally, the delivery of drugs through the pulmonary tract can be modulated to target the drug locally in the respiratory region; it can therefore be applied for the treatment of diseases such as asthma, chronic obstructive pulmonary diseases, and cystic fibrosis.[@b1-ijn-7-3167]--[@b3-ijn-7-3167] However, the pulmonary delivery route has been recognized as attractive for systemic delivery, due to the contribution of the large surface area (more than 100 m^2^) and thin epithelium layer (0.2 μm--1 μm thickness).[@b3-ijn-7-3167] Additionally, the pulmonary route has been associated with an improved bioavailability, which can be attributed to the relatively low enzymatic activity for this region.[@b4-ijn-7-3167]

In pulmonary drug delivery, the inhaled particles are subject to an alveolar phagocytosis clearance mechanism by the alveolar macrophage cells. Notably, the alveolar phagocytosis is a more effective mechanism for particles having a geometric diameter of between 1 μm and 2 μm. Inhaled particles with a geometric diameter below 1 μm or larger than 2 μm are subject to reduced macrophage phagocytosis clearance;[@b5-ijn-7-3167],[@b6-ijn-7-3167] thus, nanoparticles offer many advantages to the systemic pulmonary drug delivery field. Hoet et al reported that the optimum particle size of inhalable particles should be below 100 nm in order to maximize the alveolar deposition, and minimize the phagocytic clearance mechanisms.[@b7-ijn-7-3167] In spite of the great advantages offered by nanoparticles in the field of drug development and delivery, their pulmonary application is not straightforward. Significant formulation challenges arise from their high Gibbs free energy, due to the huge surface area. Therefore, prevention of particle agglomeration creates a significant challenge during manufacture.[@b8-ijn-7-3167] To meet this challenge, two strategies have been proposed in the literature: the first approach is to manufacture large, hollow carriers of agglomerated particles which encapsulate the active therapeutic agent. This approach was first introduced by Tsapis et al[@b9-ijn-7-3167] and was later modified by Hadinoto et al.[@b10-ijn-7-3167]

The second strategy to meet the challenge of nanoparticles' high Gibbs free energy is through the addition of surfactants. These can elevate the activation energy of interparticulate agglomeration, through the formation of electrostatic or steric barriers between the particles.[@b8-ijn-7-3167]--[@b11-ijn-7-3167]

In the present study, we focus on the development of nanocarriers which can be magnetically targeted for the treatment of lung cancer and hormone replacement. Emphasis will be placed on polymers and surfactant self-assembly as a novel approach for the synthesis of well-defined nanoaggregates. Our approach follows directly from the second strategy; however, our method differs from other magnetic nanocarriers, namely by the coating surrounding the magnetic core.[@b12-ijn-7-3167] These nanoaggregates are formed spontaneously by the self-assembly of block copolymers and beta-cyclodextrins, without the application of a crosslinker. They have the advantages of facile preparation without the use of any organic solvents, and of the lack of toxic polymer degradation products. These nanocarriers have the capability of encapsulating both hydrophilic and hydrophobic drugs. Controlled drug delivery can be achieved by variation in the concentration of polymers and/or surfactant. To our knowledge, we are the first group to propose Pluronic F-68 and beta-cyclodextrin for preparation of diffusion-controlled super-paramagnetic nanoaggregates for both hormonal and anticancer drug delivery. The magnetization features (coercivity and retentivity) of our prepared nanoaggregates can also be modulated by varying the surfactant/polymer relative concentrations.[@b13-ijn-7-3167]

Drug release by diffusion of biologically active molecules from nanocarriers is an important and commonly-used approach to achieving controlled release. The release from porous systems has been previously reported in several publications.[@b4-ijn-7-3167]--[@b16-ijn-7-3167] Depending on the composition of the porous system (both the type of the polymer, and the type of drug), the topology of the nanocarrier (size and shape) and the drug loading technique, one or more of the following physical phenomena affect the drug release kinetics: (1) saturation of the nanocarrier drug delivery system with release medium, (2) penetration of the release medium into the porous structure of the nanoparticles, (3) creation of pores filled with water within the nanoparticles' structure, (4) drug diffusion through the pores, and (5) drug diffusion to the release medium.

To enable mathematical modeling of drug release kinetics through a porous system, it is crucial to take into account only the dominant process for drug transport. From the transport processes' point of view, the mechanism of drug release for porous systems consists mainly of exterior and interior diffusion phenomena.[@b15-ijn-7-3167],[@b16-ijn-7-3167]

Additionally, the hollow nature of the structure of nanoparticulate carriers is specifically designed to enhance both the aerosolization efficiency, and the therapeutic efficacy.[@b17-ijn-7-3167] Despite the advantages of introducing hollow structure to nanoparticles, many challenges related to drug release profile and drug release kinetics are yet to be addressed. Dailey et al have introduced the possibility of developing surfactant-free nanoparticulate carriers using variable physico-chemical properties for the pulmonary application via nebulization.[@b18-ijn-7-3167] Slow drug release rates have been observed for their nanoagglomerates, especially for hydrophobic drugs. They attributed these results to the large geometric diameter of agglomerated nanoparticles.

The synergistic effect of combining both the hollow nature of nanoaggregates' structure, and their magnetic properties, appears to be promising for controlled and targeted drug delivery technology.[@b19-ijn-7-3167] For instance, magnetic liposomes and hollow capsules entrapped with magnetic nanoparticles have shown great potential for drug loading and encapsulation efficiency.[@b19-ijn-7-3167]--[@b21-ijn-7-3167] In order to produce magnetic nanoaggregates with both controlled drug release kinetics and magnetic retention characteristics, it is necessary to control the collective properties of magnetic nanoaggregates.[@b22-ijn-7-3167] In our study, the magnetic properties of nanoaggregates are dependent on the interparticulate interactions between the block copolymers and the beta-cyclodextrins; these interactions also have a significant effect on the nanoparticles' aggregation.[@b23-ijn-7-3167]

Drugs can be loaded into the nanoparticles' porous structures using two techniques: (1) postsynthesis, and (2) in-situ loading.[@b15-ijn-7-3167] In the postsynthesis method, the nanoaggregates are synthesized and the drug is subsequently absorbed to the porous structures. In this case, drug diffusion is the major mechanism for drug uptake. In the in-situ loading technique, the drug is mixed with nanoaggregates, polymer precursors. The drug release will be determined by the diffusion or degradation of labile covalent bonds. In this study, both drug loading methods will be analyzed, based on the two techniques' different drug loading percentages, and different formulation parameters. The drug release kinetics will also be analyzed in terms of experiments and modeling, in order to understand how the release is sustained.

Materials and methods
=====================

Materials
---------

The iron precursor ferrous sulphate heptahydrate (FeSO~4~ · 7H~2~O) from VWR International, PLC (VWR, Mississauga, Canada), and magnetic nanostructures consisting of polyethylene oxide -- lypropylene oxide (Pluronic F-68, Molecular weight 8400) from Sigma-Aldrich, and beta-cyclodextrin (molecular weight 1135), also from Sigma-Aldrich formed the basis of this experiment. The two modeled drugs, progesterone and 5-fluorouracil were purchased from Sigma-Aldrich. The ammonium hydroxide, methylene chloride, acetonitrile and phosphate buffer saline tablets are also all products of VWR.

Preparation of magnetic nanoaggregates
--------------------------------------

The magnetic nanoaggregates were synthesized according to a modified method reported by Xia et al.[@b24-ijn-7-3167] The reaction involved two iron precursors (ferrous and ferric chloride salts) under nitrogen gas, with vigorous stirring. We used a simple and easy synthetic method. Our experiments were all conducted under an aerobic environment, and by the use of a single iron precursor (ferrous sulphate).

Block copolymer polyethylene oxide-poly propylene oxide (Pluronic F-68, molecular weight 8400, 2.5 mmol, 21 g) was dissolved in 50 mL of distilled water with vigorous magnetic stirring using a VWR 230 magnetic stirrer/hot plate for 30 minutes. The iron precursor (ferrous sulphate heptahydrate FeSO~4~ · 7H~2~O, molecular weight 278.01, 5.895 mmol, and 1.396 g) was then added to the reaction mixture. The reaction was mixed again for a further 30 minutes under an aerobic environment. Then beta-cyclodextrin (molecular weight 1135, 5 mmol, 5.675 g) was dissolved in ammonium hydroxide and added, drop-wise, to the reaction mixture. The reaction mixing was then continued for more than 90 minutes until homogeneous stable aqueous suspension occurred. The experiment was conducted without the need for purging nitrogen gas. The concentration of Pluronic F-68 was varied between 0.5 and 3 mmol under fixed experimental conditions.

To investigate the magnetic properties and drug release kinetics of the prepared nanoaggregates, the amount of beta-cyclodextrin was varied from 0% to 25% as a fraction of total solids in the formulations. The prepared magnetic nanoaggregates were then thoroughly washed with ethanol, and were then freeze-dried (using a FreeZone Plus 6-Liter freeze dry system, Labconco Corporation, Kansas city, MO). The chemical structure of the drugs and polymers used is presented in [Scheme 1](#f11-ijn-7-3167){ref-type="fig"}.

Drug Loading
============

In-situ drug loading of 5-fluorouracil
--------------------------------------

An amount of 50 mg of 5-fluorouracil and a predetermined amount of beta-cyclodextrin were dissolved in 28% ammonium hydroxide solution. In addition, the block copolymer and the iron precursor (FeSO~4~ · 7H~2~O) were dissolved in 50 mL of distilled water. The two mixtures were then combined for at least 90 minutes at room temperature. The resulting 5-fluorouracil loaded aggregates were washed, and then oven dried for further characterization.

Drug loading by freeze-drying 5-fluorouracil
--------------------------------------------

The freeze-drying technique for drug loading can be considered as a postsynthetic step. In this method, 10 mg of 5-fluorouracil was mixed with 20 mg of magnetic nanoaggregates in distilled water. The mixture was then stirred mechanically overnight at room temperature. The resulting mixture was then freeze-dried for twenty four hours.

Progesterone loading through inclusion complex formation with beta-cyclodextrin
-------------------------------------------------------------------------------

The progesterone-loaded magnetic nanoaggregates were prepared according to the method reported by Lemos-Senna and colleagues.[@b26-ijn-7-3167] Briefly, progesterone (5 mg) and beta-cyclodextrin (25 mg) were dissolved in methylene chloride (3 mL). The mixture was then added to 28% ammonium hydroxide aqueous solution (50 mL). In a separate beaker, Pluronic F-68 was mixed with an aqueous solution of the iron precursor (1.396 g of FeSO~4~ · 7H~2~O in 50 mL of distilled water). The ammonium hydroxide solution containing progesterone and beta-cyclodextrin was added to the iron/block copolymer solution, and vigorously mixed for 90 minutes at room temperature. The precipitated magnetic nanostructures were washed and then oven-dried.

Characterization of 5-fluorouracil- and progesterone-loaded magnetic nanoaggregates
===================================================================================

Particle size measurement
-------------------------

The mean diameter of the nanoaggregates and the poly-dispersity index were determined using a dynamic light scattering technique, using a Zetasizer 3000 Has particle sizer, (Malvern Instruments Ltd, Malvern, UK). The size analysis was performed at a scattering angle of 90° and at a temperature of 20°C.

Particle morphology
-------------------

The morphology of the magnetic nanoaggregates was examined using scanning electron microscopy, with a scanning electron 600F model microscope (Jeol Ltd, Tokyo, Japan). The samples were prepared on aluminum stabs and coated with gold prior to the examination.

X-ray diffractometry
--------------------

An X-ray diffractometer (Rigaku-Miniflex, The Woodlands, TX) was used to examine the crystal profile of both the loaded and unloaded samples. The samples were exposed to X-ray radiation (CuKα, 40 KV, 20 mA) at a wavelength of 1.54 Å. The samples were scanned over a 2-theta range of between 15° to 70°, and at a step size of 0.02°.

Fourier transform infra-red spectroscopy (FTIR)
-----------------------------------------------

FTIR spectra were viewed in the solid state by Bruker-Vector 22 FTIR spectrophotometer (Bruker-Vector, Milton, Canada).

Powder magnetization
--------------------

The magnetic properties were measured using a model 74035 vibrating sample magnetometer (Lake Shore Cryotronics Inc, Westerville, OH) at 300 K. The magnetic properties of nanoaggregate samples were studied at field range of ±10,000 gauss.

Investigation of drug release profile and kinetics of 5-fluorouracil-loaded magnetic nanoaggregates
===================================================================================================

Drug loading and entrapment efficiency
--------------------------------------

The drug loading can be defined as the amount of drug encapsulated per unit mass of nanoparticles. The respective concentrations of 5-fluorouracil and progesterone were determined for all formulations after dissolving a known amount of sample nanoaggregates in acetonitrile. The amount of the supernatants obtained after centrifugation at 15,000 rpm was determined quantitatively for the amount of drug loaded. The ratio of the mass of drug recovered in the nanoparticles to the mass of drug initially loaded can be defined as the drug entrapment efficiency (EE). A summary of experimental data and their effects on drug encapsulation is listed in [Table 1](#t1-ijn-7-3167){ref-type="table"}.

In-vitro release test
---------------------

A dialysis bag (cellulose membrane, MW cut-off 12400, Sigma-Aldrich Ltd) was used to conduct the in-vitro release experiments. The dialysis in-vitro experiments confirmed that only the free drug molecules diffuse into the release medium without the passage of nanocarriers. The release study was conducted in phosphate buffer saline (pH 7.4), and the samples were withdrawn at predetermined time intervals for 14 days.

Analysis of 5-fluorouracil and progesterone release kinetics
------------------------------------------------------------

Both the drug release profile and kinetics can be controlled through modulation of the drug delivery architecture.[@b26-ijn-7-3167],[@b27-ijn-7-3167] The 5-fluorouracil and progesterone release data as functions of different formulation parameters were examined, for fitting to the following release kinetics models: zero order, first order, Hixson-Crowell, Higuchi, Peppas, Weibull and Lonsdale models, respectively. [Table 1 (Supplementary section)](#s7-ijn-7-3167){ref-type="supplementary-material"} summarizes these functions, together with the corresponding equations.[@b14-ijn-7-3167]--[@b16-ijn-7-3167] The data were fitted using SigmaPlot software (v11.0; Systat Software Inc, San Jose, CA), and regression analysis was used for calculation of both the correlation and release parameter coefficients for each function. The student *t*-test was then applied to calculate which mathematical parameters best fitted each kinetic model. The results were found to be significantly different, based on 95% probability values.

In vitro cytotoxicity study
---------------------------

An in-vitro cytotoxicity study was performed for the purpose of investigating the effect of 5-fluorouracil-loaded magnetic nanoaggregates on lung adenocarcinoma. The human tumorigenic lung epithelial cell line A549 was obtained from the American Type Culture Collection (CCL-185™; Sigma-Aldrich, St Louis, MO). For these experiments, lung cancer cells were plated in 100 μL of tissue culture medium at a density of 2.5 × 10^4^ cells. Examination of the effect of the nanoaggregate formulations on the growth of A549 cell line was carried out by adding serial dilutions of 5-fluorouracil-loaded magnetic nanoaggregates to each well containing cells that had been grown for 1 day. The studied concentrations of 5-fluorouracil were 10^−4^, 10^−3^, 10^−2^, 0.1, 1, 10, 100 and 1000 μL of anti-cancer drug, respectively. The cells were incubated for 4 days at 37°C under a 5% CO~2~ atmosphere, and then the cell viability was determined using Alamar Blue assay (VWR International, Mississauga, Canada).[@b28-ijn-7-3167] The cytotoxicity data were expressed as percentages of the residual viability, using the plates cultured in absence of 5-fluorouracil as 100% viability samples.

Test of statistical significance
--------------------------------

The correlations between our experimental data and the release kinetics models were calculated using SigmaPlot software. The statistical significance of the results was evaluated using a student t-test. The aim of the statistical study was to examine the inter-relationship between the drug release profiles and the studied parameters, ie, the impact of such variables as particle size, drug loading and drug loading technique on the overall correlation results.

Results and discussion
======================

Particle size and morphology
----------------------------

Scanning electron micrograph (SEM) images of magnetic nanoaggregates with loaded drugs are presented in [Figure 1](#f1-ijn-7-3167){ref-type="fig"}. The presented images reveal that the powders consist of uniform, almost spherical primary particles, which are arranged in aggregated nanostructures. In the present work, the produced magnetic nanostructures composed primarily from magnetic nanoparticles ([Figure 2](#f2-ijn-7-3167){ref-type="fig"}). These primary nanoparticles were further aggregated, to yield well-organized nanostructures having an aggregate diameter ranging from 90.20 nm ± 4.51 nm to a maximum of 293 nm ± 14.65 nm. As shown in [Figure 1](#f1-ijn-7-3167){ref-type="fig"}, increasing the concentration of block copolymer does not significantly affect the morphology of nanoaggregates. On the contrary, beta-cyclodextrin does not show a significant effect on the particle diameters; however, it has more influence on the spherical organization of nanoaggregates.

An increase in the concentration of beta-cyclodextrin was associated with an increase in the degree of the hollow nature of nanoaggregate structure. The X-ray diffraction patterns of magnetic nanoaggregates prepared with 0.5 mmol and 3 mmol of Pluronic F-68 is presented in [Figure 3](#f3-ijn-7-3167){ref-type="fig"}. The addition of Pluronic F-68 is usually associated with particle size reduction, which is indicated by the peak broadening. The five characteristic peaks for iron oxide magnetic nanoparticles were at 2-theta angles of 30.95, 35.89, 44.34, 55.06 and 64.51, respectively. These five peaks correspond to the diffraction from each of the 111, 200, 211, 221, 310, 222 planes of face-centered cubic iron oxide crystals.

FTIR analysis was performed to confirm the presence of beta-cyclodextrin and Pluronic F-68 on the magnetic nanoaggregates. In the case of uncoated magnetic nanoaggregates, the presence of strong peaks in the region of between 600 cm^−1^ and 660 cm^−1^ was attributed to the Fe--O bond of the iron oxide skeleton ([Figure 4](#f4-ijn-7-3167){ref-type="fig"}). Magnetic nanoaggregates were coated with beta-cyclodextrin, and exhibited an intense band at 1010 cm^−1^, due to the glycoside vibrations (C--O--C). The same peak was observed for nanoaggregate samples coated with Pluronic F-68; this is a result of the C--O--C stretch vibrations of Pluronic F-68. The broad peak in the region of between 3000 cm^−1^ and 3500 cm^−1^ corresponded to the multiple hydroxyl groups of both beta-cyclodextrin and Pluronic F-68. A characteristic C--O stretch vibration band was clearly observed at 1750 cm^−1^ in Pluronic F-68-coated magnetic nanoaggregates, which indicates the presence of the polymer. The magnetic samples coated with both polymers did not show any C--O stretch vibration band at 1750 cm^−1^, due to the formation of a hydrogen bond between the beta-cyclodextrin and the ether oxygen of the Pluronic F-68 polymeric chain ([Figure 5](#f5-ijn-7-3167){ref-type="fig"}).

[Figure 6](#f6-ijn-7-3167){ref-type="fig"} represents the magnetization data for the 293 nm ± 20.51 nm and the primary magnetic core (15 nm ± 0.56 nm), prepared by the conventional thermal decomposition method of iron precursor. The magnetic properties of all samples were studied at a field range of ± 10,000 gauss. The data obtained indicates the super-paramagnetic characteristics for both samples. The mass saturation magnetization values were 26.5 emu/g for the nanoaggregates prepared with 0.5 mmol of Pluronic F-68, compared to 16 emu/g for the as-prepared magnetic core. The significant reduction observed in the coercivity of the nanoaggregate (1.65 gauss for nanoaggregates compared to 168.19 gauss for the as-prepared magnetic core), together with the absence of hysteresis indicates the super-paramagnetic nature of the samples. Additionally, the retentivity data obtained for the primary magnetic nanoparticles prepared by the conventional thermal deposition method was significantly higher than their corresponding nanoaggregated samples (0.59 emu versus 0.0016 emu). This finding also confirmed the super-paramagnetic nature of our nanoaggregated structures. Similar super-paramagnetic behavior was observed for the samples prepared at different concentrations of beta-cyclodextrin.

Interestingly, increasing the concentration of beta-cyclodextrin from 5 wt% to 25 wt% showed significant improvement in the mass saturation magnetization values of nanoaggregates. The saturation magnetization values for the 5 wt% and 25 wt% beta-cyclodextrin were 38.71 emu/g and 81.22 emu/g, respectively. This value is comparable to the published saturation magnetization value reported by Xia and colleagues,[@b25-ijn-7-3167] and is also comparable to the commercially available magnetite nanoparticles supplied from Sigma-Aldrich. The increased magnetization observed upon increasing the concentration of polymer can be explained by the reduction in the shell thickness. This will consequently lead to an increase in the size of the magnetic core. In other words, the decreased fraction of block copolymer (Pluronic F-68) is associated with an enhancement in the saturation magnetization. The presence of Pluronic F-68 on the surface of magnetic nanoparticles can be considered as a magnetic dead layer, thus affecting the saturation magnetization as a result of quenching of the surface moment.[@b29-ijn-7-3167]

Drug release profile through polymeric nanoaggregates as a function of different formulation parameters
-------------------------------------------------------------------------------------------------------

The release profiles of 5-fluorouracil- and progesterone-loaded nanoaggregates were investigated. The amount of drug loaded, the loading technique, and the nanoaggregates' morphology, significantly affected the release patterns. The drug encapsulation efficiency showed significant dependence on the loading technique for all samples smaller than 293 nm ± 14.65 nm. For the samples prepared with 3.0 mmol of block copolymer (nanoaggregate particle size = 90.2 nm ± 4.51 nm), significant reduction in the drug entrapment efficiency was observed upon switching of the drug loading technique from the freeze-drying to the in-situ drug loading method ([Table 1](#t1-ijn-7-3167){ref-type="table"}).

Influence of drug loading and nanocluster size on 5-fluorouracil release
------------------------------------------------------------------------

The results of 5-fluorouracil-loaded magnetic nanoaggregates' release profile as a function of the drug loading and particle diameter are presented in [Figure 7](#f7-ijn-7-3167){ref-type="fig"}. The samples examined in this Figure were prepared at high 5-fluorouracil-loading percentages (9%, 9.5% and 10%, respectively). Increasing the particle diameter from 146 nm ± 3.0 nm to 293 nm ± 14.65 nm resulted in a significant reduction in the drug release rate ([Table 2, Supplementary section](#s8-ijn-7-3167){ref-type="supplementary-material"}). In addition, samples prepared at lower percentages of drug loading (2%, 3% and 5%, respectively) showed a higher dependence on the drug loading technique. A comparison between the calculated release rates as a function of the drug loading technique is presented in [Table 2](#t2-ijn-7-3167){ref-type="table"}. The release rate is significantly higher for all samples loaded using the freeze-drying technique, especially for the sample loaded with 5% 5-fluorouracil. This high release rate could be attributed to the additional drug lost during the decomposition reaction of iron precursor for the in-situ loaded samples.

Upon analysis of the release kinetics of these three samples, the three release profiles showed perfect correlations to the Peppas model of release kinetics. The release calculated indices in all cases are below 0.5, which indicates the presence of the Fickian diffusion mechanism. It should be noted that increasing the drug loading from 2% to 5% was associated with a significant enhancement in the drug release rate. Further increase in the drug loading (from 5% to 9%) results in a drop in the release rate, and consequently in the release index. For example, the calculated release rate based on the Peppas model is 40.43 per day^−1^; for the sample loaded with 9% 5-fluorouracil compared to 64.08 day^−1^ at the 5% drug loading capacity. Interestingly, the sample loaded with 2% of 5-fluorouracil showed a good correlation with both the Peppas and first order release models for the two drug loading techniques. The drug release rate for the samples loaded by freeze-drying is significantly higher than the corresponding samples loaded by the in-situ technique.

The influence of drug loading on progesterone release was also investigated. [Figure 1 (Supplementary section)](#s1-ijn-7-3167){ref-type="supplementary-material"} shows the release patterns of different progesterone-loaded nanoaggregates produced using the freeze-drying technique. Because of the limited aqueous solubility of progesterone, the drug loading and entrapment efficiency were low for the samples with an average diameter below 293 nm ± 14.65 nm. The release profile of samples prepared with 2% to 10% progesterone is demonstrated in [Figure 1 (Supplementary section)](#s1-ijn-7-3167){ref-type="supplementary-material"}. The variation in the drug release rate can be attributed to the differences in the average particle diameter, particle morphology, and physico-chemical properties of the drugs. For example, the nanoaggregates loaded with 5% of progesterone demonstrated an average particle diameter of 124 nm ± 6.2 nm, compared to 89.5 nm ± 4.95 nm for the corresponding sample loaded with 5-fluorouracil.

The dependence of the drug release kinetics on the particle diameter can be directly correlated to the variation on the drug loading. [Figure S2 (Supplementary material)](#s2-ijn-7-3167){ref-type="supplementary-material"} focuses on the effect of the average particle diameter on 5-fluorouracil release rate through nanoaggregates with approximately equal drug loading. The selected drug loading in all samples was adjusted to be 10%. It should be noted that there is little effect of the particle size on the drug release rate for the samples loaded by the in-situ method. A comparison between the release profiles of both the in-situ loaded and freeze-dried samples prepared at 10% drug loading is shown in [Figure 2 (Supplementary section)](#s2-ijn-7-3167){ref-type="supplementary-material"}. Based on our previously discussed data, the drug loading, particle size and loading techniques all contribute to the release profile of examined samples. The drug loading techniques exhibited more significant roles in controlling the release rate.

Influence of beta-cyclodextrin mass fraction on the drug release rate and profile
---------------------------------------------------------------------------------

The incorporation of beta-cyclodextrin in the nanoaggregate formulations was found to significantly influence the produced nanoaggregates' size and morphology. Most crucially, variations in the beta-cyclodextrin concentration added to the nanoaggregate formulations affected the particle aggregation index and the degree of nanocluster hollowness. However, the incorporation of beta-cyclodextrin in the nanocluster formulation had no significant effect on primary particle size distribution. The experiments were conducted for both drugs (progesterone and 5-fluorouracil). The samples with an average diameter of 146 nm ± 7.3 nm and 293 nm ± 14.65 nm were loaded with progesterone (the drug loading was 9% and 10%, respectively). The 5-fluorouracil was then loaded onto the samples with an average diameter of 207 nm ± 10.35 nm. Beta-cyclodextrin was dissolved in 5 mL to 10 mL of 28% ammonium hydroxide solution, and then added to 50 mL of iron precursor--block copolymer solution. The addition of beta-cyclodextrin significantly affected the initial percentage progesterone release for the sample prepared with an average diameter of 293 nm ± 14.65 nm (the initial percentage release increased to 50% within the first hour).

Furthermore, the cumulative amount of progesterone released remained constant for all the samples examined at variable concentrations of added beta-cyclodextrin (ranging from 5% to 25% of the total solid added). After 72 hours of release experiments, the change in the release profiles for these nanoaggregate samples as a function of increasing beta-cyclodextrin concentration became more significant. The cumulative percentage of drug released after 7 days decreased from 83.35% for the nanoaggregate samples prepared in the absence of beta-cyclodextrin to about 72.36% for the samples prepared using a 15% beta-cyclodextrin concentration. Increasing the concentration of beta-cyclodextrin to 25% was associated with the reduction in the cumulative drug release of progesterone to 65.95% after 7 days ([Figure 8](#f8-ijn-7-3167){ref-type="fig"}).

Additionally, the 5-fluorouracil release profile was also investigated as a function of beta-cyclodextrin concentration. The 124 nm ± 6.2 nm nanoaggregate formulation loaded with 2% of the anti-cancer drug was examined for the release rate and profile as a function of increasing the concentration of beta-cyclodextrin. The effect of beta-cyclodextrin concentration on the initial burst was more significant in the case of 5-fluorouracil ([Table S3, Supplementary section](#s9-ijn-7-3167){ref-type="supplementary-material"}).

Analysis of release mechanism and mathematical model fitting
------------------------------------------------------------

Successful curve fittings were obtained when the Peppas model equation was fitted to the total release curves. A typical example of excellent curve fitting is shown in [Figure 9](#f9-ijn-7-3167){ref-type="fig"}. An overview of the derived estimates for the release index (n) is listed in [Table 2](#t2-ijn-7-3167){ref-type="table"}. The calculated values of standard error, and the correlation coefficients of the nonlinear regression analysis, are indicative of the optimal fitting of the Peppas model equation to the experimental data ([Table 4, Supplementary section](#s10-ijn-7-3167){ref-type="supplementary-material"}). For all examined samples, the estimates for the release index (n) is below 0.5, which indicates pure diffusion controlled release from a sphere.[@b30-ijn-7-3167]

Interestingly, good coefficients of correlation were obtained when the Weibull empirical equation was fitted to the release curves for the samples loaded with 5-fluorouracil. The computed parameter, *b*, for the Weibull curve fitting was 0.74 for the in-situ sample loaded with 9% 5-fluorouracil. This is consistent with the parameter values for the Fickian diffusion reported by Costa et al[@b30-ijn-7-3167] ([Figure 9](#f9-ijn-7-3167){ref-type="fig"}). The mathematical and physical interrelationship between the Peppas and Weibull models have been previously reported; thus, the Weibull function can be considered as further corroboration of the drug release mechanism.

The drug loading technique appears to affect both the release rate and the drug release mechanisms. The Peppas model fitting to the release data of 5-fluorouracil nanoaggregates loaded by freeze-drying showed a significant reduction in the coefficient of correlations for the 293 nm and 146 nm samples. However, good coefficients of correlation were also obtained with the Weibull function. The estimates for the *b* values were 1.12 and 1.14 (close to 1), which is consistent with the first-order release. In this case, the concentration gradient in the release medium was believed to control the release rate. A typical example of Weibull curve fitting is shown in [Figure 8](#f8-ijn-7-3167){ref-type="fig"}.

The dissimilarity in the fitting parameters between 5-fluorouracil and progesterone could be attributed to the difference in their aqueous solubility. The differences in the estimates of release index (n) were more significant with increasing the mass fraction of beta-cyclodextrin. The Peppas model equation failed to fit the release data for progesterone-loaded samples prepared with either 15% or 25% mass fraction of beta-cyclodextrin. The calculated coefficients of correlations were 0.78 and 0.70, respectively. The correlations for the Weibull model equation showed perfect fitting for these samples. The estimates for the *b* parameter are 0.09 and 0.1 for samples prepared with 15% and 25% beta-cyclodextrin, respectively. The predicted mechanism in this case is diffusion through highly disordered spaces.

In addition, an increase in the initial burst effect for the progesterone-loaded nanoaggregates prepared with a high percentage of beta-cyclodextrin could be attributed to the enhancement of the drug's aqueous solubility. Therefore, a modified form of the Peppas model equation was developed to accommodate the initial burst effect. [Figures S3](#s3-ijn-7-3167){ref-type="supplementary-material"} and [S4 (Supplementary section)](#s4-ijn-7-3167){ref-type="supplementary-material"} are typical examples for the curve fitting of our experimental release data to the modified Peppas model. A mathematical presentation for the modified Peppas function is presented in the following equation:
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where *Q* is the amount of drug released at time *t*, *a* is a constant incorporating structural and geometrical characteristics of the drug dosage form, ^n^ is the release exponent and *b* is a parameter which is indicative of the initial burst effect. In the absence of such initial burst effect, *b* value would be zero and only the term, at ^n^, is used. [Table 3](#t3-ijn-7-3167){ref-type="table"} summarizes the results for the curve fitting parameters for the progesterone-loaded nanoaggregates prepared at two different concentrations of beta-cyclodextrin: 5% and 25%, respectively. The samples prepared with 25% beta-cyclodextrin showed a higher coefficient of correlation to the modified Peppas model. The estimated initial burst parameter is higher for the 25% beta-cyclodextrin sample. This could be attributed to the relatively small fraction of hydrophobic drug that enters the cyclodextrin cavity. At a high concentration of beta-cyclodextrin, it is highly probable that a larger fraction of progesterone interacts with the long aliphatic chain of the polymer. This is consistent with the results obtained by Memisoglu et al.[@b31-ijn-7-3167] In addition, the presence of block co-polymer as the solubilizer influences the rapid initial release of progesterone.

In the present work, we analyzed the effect of different formulation parameters on the viability of A549 lung cancerous cells. First, we examined the effect of different percentages of 5-fluorouracil-loading on the living cells. Thereafter, the effect of different drug loading techniques was also investigated.

In vitro cytotoxicity study
===========================

Effect of drug loading percentages on the viability of lung cancer cells
------------------------------------------------------------------------

Nanoaggregates loaded with different percentages of 5-fluorouracil were found to exert a cytotoxic effect on the A549 cancerous cell line, in a dose-dependent manner ([Figure S5, Supplementary section](#s5-ijn-7-3167){ref-type="supplementary-material"}). The samples exhibited different sensitivity based on their loading percentages. The higher percentage of cytotoxicity was observed for the sample loaded with 5% 5-fluorouracil. Increasing the percentage of drug loaded up to 10% did not result in an enhanced cytotoxicity. The lowest inactivation rate of the cells was observed for the samples loaded with 10% 5-fluorouracil, which could be attributed to the decreased release rate of drug.

Effect of drug loading technique on viability of lung cancer cells
------------------------------------------------------------------

Lung cancer cells were treated with magnetic nanoaggregate formulations, loaded using both the in-situ and freeze-drying techniques. Similarly, all samples induced cytotoxiciy in a dose-dependent manner. The higher cell inactivation rate was recorded for the samples loaded by the freeze-drying technique. In addition, the effect of freeze-dried samples seemed to be extremely strong, with the residual cells' viability found to be 6.25% at a drug concentration of 100 nM.

Conclusion
==========

Magnetic nanoaggregates based on block copolymer and beta-cyclodextrin can be described as good candidates for controlled drug delivery of both hydrophilic and hydrophobic drugs. The rates of drug loading and encapsulation efficiency can be modulated by controlling different formulation parameters. Significant enhancement in drug encapsulation was observed for the postsynthesis drug-loaded samples. However, by using the in-situ loading method at 0.5% of Pluronic F-68, it was possible to obtain nanoaggregates with high amounts of drug (up to 10% drug loading). Additionally, the drug release mechanism was investigated by mathematical curve fitting to different drug release kinetics models. In most cases, the Peppas model showed good correlations with the examined release profiles, with estimated release indices of below 0.5. In case of drugs with limited aqueous solubility or at high polymer concentrations, the Peppas model failed to fit the entire release curve. Therefore, an estimation of Weibull parameters can provide a hint about the drug release mechanism.

Our designed polymeric magnetic nanoaggregates were verified to be more efficient for encapsulation of both hydrophilic and hydrophobic drugs relative to polyalkylcyanoacrylates, which are the most investigated polymers in the development of 5-fluorouracil magnetic nanocarriers.[@b32-ijn-7-3167] The nanoaggregates that we proposed are advantageous by their facile and organic solvent free method of preparation, and lack of toxic degradation products which comes from polymeric degradation. In addition, these nanoaggregates exhibited superparamagnetic properties at approximately body temperature. In terms of the development of drug carrier systems, the postsynthesis drug loading of both progesterone and 5-fluorouracil showed better drug loading results than the in-situ loading method. Our nanoaggregates were easily loaded with progesterone and 5-fluorouracil. Both the polymer composition and the initial drug concentration were found to play the most effective role in drug loading and release kinetics.

The drug release mechanism was found to be controlled by diffusion. The release profile was sustained for 14 days with considerable release of both drugs within the first few hours. The kinetics of drug release (release rate and indices) was mainly controlled by the type of drug incorporation and the amount of drug loaded. A modified Peppas model with an initial burst effect can provide a better understanding of the drug release mechanism for the samples loaded with progesterone or at high polymer concentrations. The burst effect could be advantageous for drugs that show considerable lag time between the dose administration and therapeutic effect. In addition, we studied the cytotoxic effect of 5-fluorouracil- loaded magnetic nanoaggregates on the viability of A549 lung cancer cells. The cell viability was determined in relation to different percentages of drug loadings. Both in-situ loaded and freeze-dried magnetic nanoaggregates inhibited the proliferation of lung cancer cells. The cytotoxic effect was significantly affected by different polymer concentrations in a dose-dependent manner. These results highlight the biological applicability of our synthesized magnetic nanoaggregates as carriers for anticancer drugs. Further examination of the pulmonary deposition component of our proposed nanoaggregates is being performed.

Supplementary materials
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###### 

Drug release profiles of 5-fluorouracil-loaded nanoaggregates prepared by in-situ loading method.

###### 

Effect of particle size and loading procedures on the release profile of 5-fluorouracil-loaded nanoaggregates at constant percentage of drug loading.

###### 

Modified Peppas model equation for prediction of initial burst effect of progesterone-loaded nanoaggregates prepared at 0% beta-cyclodextrin.

###### 

Modified Peppas model equation for prediction of initial burst effect of progesterone-loaded nanoaggregates sample prepared at (**A**) 0%; and (**B**) 25% beta-cyclodextrin.

###### 

Effect of drug loading percentages on the viability of cancerous cells.

###### 

Effect of drug loading technique on viability of lung cancer cells.

**Abbreviation:** 5-FU, 5-fluorouracil.

###### 

Mathematical models describing release rates of 5-fluorouracil and progesterone from the hollow nanoaggregates[@b14-ijn-7-3167]--[@b16-ijn-7-3167]

  Model                Equation
  -------------------- ----------------------------------------------------------------------------------------------------------------------------
  Zero order           $C = K_{0}t$
  First order          $Log\, C = Log\, C_{0} - Kt/2.303$
  Hixson-Crowell       $Q_{0}^{1/3} - Q_{t}^{1/3} = Kt$
  Higuchi              $Q = {Kt}^{0.5}$
  Peppas               $Q = {kt}^{n}$
  Modified Peppas      $Q = {at}^{n} + b$
  Weibull              $Q = 1 - \text{exp}( - at^{b})$
  Lonsdale and Baker   $\frac{2}{3}\left( {1 - \left\{ {1 - \frac{Q}{100}} \right\}^{\frac{2}{3}}} \right) - \left\{ \frac{Q}{100} \right\} = Kt$

**Notes:** where *C* is the concentration of drug released, *C*~0~ is the initial concentration of drug, *K* is the release rate constant in units of concentration/time, *Q* is the amount of drug released in time *t*, *Q*~0~ is the initial amount of drug loaded into the nanoaggregates, and the release index is symbolized as *n*.

###### 

Effect of drug loading on the estimated release rates and release indices according to Peppas model equation

  Drug loading          Release rate constant (K, day^−1^)   Regression coefficient (R^2^)   Release index (n)
  --------------------- ------------------------------------ ------------------------------- -------------------
  9% 5-fluorouracil     40.43 ± 0.47                         0.97                            0.075 ± 0.005
  9.5% 5-fluorouracil   35.29 ± 0.39                         0.92                            0.069 ± 0.002
  10% 5-fluorouracil    32.76 ± 0.32                         0.98                            0.071 ± 0.004

**Note:** The samples are all loaded by the in-situ method.

###### 

Effect of beta-cyclodextrin mass fraction on the release parameters of progesterone and 5-fluorouracil freeze-dried loaded samples

  Drug loading                            Release rate constant (K, day^−1^)   Regression coefficient (R^2^)   Release index (n)
  --------------------------------------- ------------------------------------ ------------------------------- -------------------
  Progesterone, 0% beta-cyclodextrin      64.08 ± 0.14                         0.92                            0.14 ± 0.01
  Progesterone, 5% beta-cyclodextrin      67.67 ± 1.72                         0.83                            0.07 ± 0.01
  Progesterone, 15% beta-cyclodextrin     65.94 ± 0.05                         0.78                            0.05 ± 0.01
  Progesterone, 25% beta-cyclodextrin     61.76 ± 1.42                         0.70                            0.03 ± 0.01
  5-Fluorouracil, 0% beta-cyclodextrin    66.22 ± 2.94                         0.91                            0.18 ± 0.02
  5-Fluorouracil, 5% beta-cyclodextrin    44.29 ± 1.81                         0.93                            0.19 ± 0.02
  5-Fluorouracil, 15% beta-cyclodextrin   39.13 ± 1.34                         0.95                            0.21 ± 0.01
  5-Fluorouracil, 25% beta-cyclodextrin   33.13 ± 1.18                         0.94                            0.17 ± 0.02

###### 

Results for the curve fitting parameters of different model functions for 5-fluorouracil release profiles

  Model function      \% 5-FU loading   Release rate constant (K, day^−1^)   Regression coefficient (R^2^)   Release index (n)   Probability (*P*)
  ------------------- ----------------- ------------------------------------ ------------------------------- ------------------- -------------------
  Lonsdale model      9% 5-FU           0.01 ± 0.002                         0.01                            --                  0.003
  Peppas model        9% 5-FU           40.43 ± 0.47                         0.97                            0.075 ± 0.005       \<0.001
  Hixson model        9% 5-FU           0.02 ± 0.004                         0.03                            --                  \<0.001
  Higuchi model       9% 5-FU           16.82 ± 1.71                         0.01                            --                  \<0.001
  First order model   9% 5-FU           0.08 ± 0.02                          0.02                            --                  \<0.001
  Lonsdale model      9.5% 5-FU         0.004 ± 0.0001                       0.79                            --                  \<0.001
  Peppas model        9.5% 5-FU         35.29 ± 0.39                         0.92                            0.069 ± 0.002       \<0.001
  Hixson model        9.5% 5-FU         0.02 ± 0.003                         0.03                            --                  \<0.001
  Higuchi model       9.5% 5-FU         14.67 ± 1.42                         0.09                            --                  \<0.001
  First order model   9.5% 5-FU         0.06 ± 0.01                          0.02                            --                  \<0.001
  Lonsdale model      10% 5-FU          0.04 ± 0.01                          0.01                            --                  0.004
  Peppas model        10% 5-FU          32.76 ± 0.32                         0.98                            0.071 ± 0.004       \<0.001
  Hixson model        10% 5-FU          0.02 ± 0.002                         0.03                            --                  \<0.001
  Higuchi model       10% 5-FU          13.48 ± 1.41                         0.01                            --                  \<0.001
  First order model   10% 5-FU          0.06 ± 0.01                          0.02                            --                  \<0.001

**Abbreviation:** 5-FU, 5-Fluorouracil.

Supplementary materials
=======================

Methodology of quantitative drug measurement
--------------------------------------------

1.  **5-Fluorouracil HPLC assay:** 5-Fluorouracil was quantified by high performance liquid chromatography (HPLC). A Varian HPLC system (Varian ProStar, Santa Clara, CA) with RP C-18 column (250 mm × 4.6 mm, particle size 5 μm) and variable wavelength UV/Vis detector was used. A mixture of methanol and sodium acetate buffer (pH = 4.0) was used as a mobile phase. The eluent was detected by UV detector at 260 nm.

2.  **Progesterone UV spectrophotometric assay:** Quantitative determination of progesterone was performed using UV spectrophotomeric method at wavelength 254 nm (Varian ProStar).

![Controlled release of 5-fluorouracil and progesterone from magnetic nanoaggregates.](ijn-7-3167f12){#f12-ijn-7-3167}
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![Scanning electron micrograph (SEM) images for different magnetic nanoaggregate formulations. Effect of polymeric composition on morphology of nanoaggregates: (**A**) 0.5 mmol block copolymer and 0 wt% beta-cyclodextrin; (**B**) 3 mmol block copolymer and 0 wt% beta-cyclodextrin; (**C**) 3 mmol block copolymer and 5 wt% beta-cyclodextrin; and (**D**) 3 mmol block copolymer and 25 wt% beta-cyclodextrin.](ijn-7-3167f1){#f1-ijn-7-3167}

![Effect of block copolymer concentrations on the average primary and aggregated particle diameters.](ijn-7-3167f2){#f2-ijn-7-3167}

![X-ray diffraction profiles of magnetic nanoaggregates as a function of block copolymer concentration. (**A**) 0.5 mmol; and (**B**) 3 mmol of block copolymer (Pluronic F-68).\
**Abbreviation:** CPS, counts per second.](ijn-7-3167f3){#f3-ijn-7-3167}

![FTIR spectrum of uncoated magnetic nanoaggregates.\
**Abbreviation:** FTIR, fourier transform infrared spectroscopy.](ijn-7-3167f4){#f4-ijn-7-3167}

![FTIR spectra of different polymer coated magnetic nanoaggregates.\
**Abbreviation:** %T, % Transmittance.](ijn-7-3167f5){#f5-ijn-7-3167}

![Room temperature (300 K) magnetization curves of magnetic nanoaggregates prepared with 3 mmol of block copolymer and 5 wt% beta-cyclodextrin compared to magnetic nanoparticles prepared by conventional method.\
**Abbreviation:** emu, electro-magnetic unit.](ijn-7-3167f6){#f6-ijn-7-3167}

![Drug release profiles of 5-fluorouracil nanoaggregates prepared by in situ loading method.](ijn-7-3167f7){#f7-ijn-7-3167}

![Effect of beta-cyclodextrin mass fraction on the release of progesterone samples loaded by freeze-drying.](ijn-7-3167f8){#f8-ijn-7-3167}

![Mathematical modeling of 5-fluorouracil release from 146 nm magnetic nanoaggregates.](ijn-7-3167f9){#f9-ijn-7-3167}

![Mathematical modeling of 5-fluorouracil release from 293 nm magnetic nanoaggregates.](ijn-7-3167f10){#f10-ijn-7-3167}

![Chemical structures of beta-cyclodextrin, polypropylene oxide/polypropylene oxide block copolymer (Pluronic F-68, HO (C~2~H~4~O)~n~(C~3~H~6~O)~m~(C~2~H~4~O)~n~ OH, m = 80 and n = 27) and the two encapsulated drugs: progesterone and 5-fluorouracil.](ijn-7-3167f11){#f11-ijn-7-3167}

###### 

Entrapment efficiencies of 5-fluorouracil as a function of different initial drug concentrations and nanoaggregates' average diameters

  Concentration of pluronic F-68   Particle average diameter (nm ± RSD)   Initial drug concentration (mg drug/mg nanoparticles)   Drug loading (%)   Drug entrapment efficiency (%)   
  -------------------------------- -------------------------------------- ------------------------------------------------------- ------------------ -------------------------------- -------
  0.5                              293 ± 14.65                            30                                                      10                 82.65                            83.25
  1.0                              207 ± 10.35                            25                                                      9.5                50.66                            63.14
  1.5                              146 ± 7.30                             20                                                      9                  48.25                            56.90
  2                                124 ± 6.20                             10                                                      5                  23.69                            31.56
  2.5                              98.70 ± 4.93                           20                                                      3                  16.11                            19.12
  3.0                              90.20 ± 4.51                           20                                                      2                  32.01                            46.22

**Abbreviation:** RSD, relative standard deviation.

###### 

Estimated Peppas parameters as a function of drug loading percentages and loading techniques

  Drug loading   In-situ drug loading   Freeze-drying drug loading                                       
  -------------- ---------------------- ---------------------------- ------------- -------------- ------ -------------
  2% 5-FU        58.75 ± 4.32           0.87                         0.23 ± 0.03   66.22 ± 2.94   0.91   0.18 ± 0.02
  3% 5-FU        56.78 ± 3.80           0.88                         0.22 ± 0.03   67.39 ± 1.55   0.95   0.14 ± 0.01
  5% 5-FU        64.08 ± 1.93           0.92                         0.14 ± 0.01   94.73 ± 1.55   0.96   0.15 ± 0.02

**Abbreviation:** 5-FU, 5-fluorouracil.

###### 

Release parameters for mathematical modeling of progesterone-loaded magnetic nanoaggregates

  Mass fraction of Beta-cyclodextrin   Peppas model   Modified Peppas model with initial burst effect          
  ------------------------------------ -------------- ------------------------------------------------- ------ --------------
  5% Beta-cyclodextrin                 0.83           0.07 ± 0.02                                       0.86   19.99 ± 0.63
  25% Beta-cyclodextrin                0.69           0.03 ± 0.01                                       0.91   22.53 ± 0.31
